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CLi' Abstract 

We consider the predictions of chiral perturbation theory for SU{3) breaking in the axial 
I vector form factor gi measured in semileptonic hyperon decays. We confirm that if only 
^ ! octet baryon intermediate states are included, the non-analytic corrections are ~ 100%. 

These corrections are dominated by an 5'[/(3)-symmetric wavefunction renormalization, 
which explains the fact that the "corrected" predictions still fit the data well. We argue 
that the large corrections are nonetheless strong evidence that the chiral expansion is 
breaking down. Following a recent suggestion of Jenkins and Manohar, we then include 
contributions from decuplet baryon intermediate states. Unlike these authors, we do not 
neglect the octet-decuplet mass difference A. We find that the effects of A 7^ significantly 
change the pattern of corrections: we still find that the decuplet corrections can cancel 
the large octet contributions in a non-trivial way, but the corrections no longer favor the 
SU (6) values of the axial couplings. We also argue that D and F axial couplings cannot 
be reliably extracted from calculations which keep only the non-analytic corrections. 



1. Introduction 



Chiral perturbation theory (XPT) provides a rigorous framework for extracting physi- 
cal predictions from QCD as power series in the "hght" quark current masses m„, m^, and 
nis- At lowest order, XPT predicts a large number of quantities in terms of a few effective 
coupling constants. Many of the resulting predictions are very successful. 

Clearly, it is important to understand the size of the corrections to the lowest order 
results, especially for quantities sensitive to m^, since experience with the chiral expansion 
suggests that the fractional corrections to these quantities are of order 

^^0.2, (1) 

where A^^ ~ 1 GeV is the XPT expansion parameter. Unfortunately, higher orders in the 
chiral expansion involve many unknown effective couplings.* However, there are nonana- 

1 /2 

lytic corrections of order mglnms (and sometimes nis for processes involving baryons) 
which are computable in terms of the lowest-order couplings. For sufficiently small values 
of nis, these are the largest corrections. While the nonanalytic corrections are not expected 
to be significantly larger than the 0{ms) contributions in the real world, the nonanalytic 
corrections can be used to give an estimate of the expected size of corrections. In partic- 
ular, if the nonanalytic corrections are large, then chiral perturbation theory breaks down 
unless the 0{ms) corrections cancel the nonanalytic contributions. Such a cancellation 
is unnatural, since it can occur only for special values of the quark masses. Thus, the 
calculation of the non-analytic contributions gives non-trivial information about the chiral 
expansion, even if they cannot be used to quantitatively predict the size of the corrections. 

In ref. [1] , baryon chiral perturbation theory was reformulated in terms of an effective 
lagrangian which includes the octet baryons as heavy fields [2], and it was found that 
the leading nonanalytic corrections to the baryon axial form factors were ~ 100%.''' This 
is surprising in light of the fact that the lowest-order predictions work to better than 
20%. In this paper, we point out that these corrections are dominated by an SU{2))- 
singlet wavefunction renormalization, which explains why the fit to the data including the 
corrections still works well. However, we argue that the presence of these large corrections 
is nonetheless strong evidence that the chiral expansion defined by this effective lagrangian 
is breaking down. 

* These effective coupling constants are related to QCD matrix elements which are in 

principle computable (on the lattice, for example). However, our present knowledge of 

the relevant matrix elements is rather limited, and we conservatively regard the effective 

couplings as undetermined parameters. 

^ An earlier calculation [3] which found smaller corrections is incorrect. 
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In ref. [4] , it was found that the large chiral symmetry breaking corrections discussed 
above are largely cancelled by contributions from decuplet intermediate states. From the 
point of view of the effective lagrangian, this looks like an unnatural cancellation between 
two unrelated sectors of the theory. However from the point of view of QCD the decuplet 
and octet states are certainly related. In fact, in the large-A^c limit of QCD, the baryon 
spectrum consists of ~ states with mass differences ~ AqcdZ-^c, and the lowest- lying 
states have the quantum numbers of the octet and decuplet baryons (for Nc odd). There are 
non-trivial relations between the different baryon multiplets in this limit which reproduce 
the SU{6) spin-flavor symmetry relations between octet and decuplet baryon couplings 
[5]. While these developments are very interesting, we will take a more phcnomcnological 
point of view in this paper, including the decuplet without assuming SU (6) symmetry. 

Including the decuplet in the chiral lagrangian is only justified if the decuplet-octet 
mass splitting A is small compared to the XPT expansion parameter (numerically, 
A ~ 300 MeV, A^^. ~ 1 GcV.) In this limit, we can treat the decuplet as a nonrelativistic 
heavy field, substantially simplifying the computation. Our calculation differs from that of 
ref. [4] mainly in that we do not make the approximation A ^ mx- We find that the effect 
of nonzero A completely changes the pattern of the non-analytic corrections: the decuplet 
corrections can still cancel the large octet corrections for some values of the couplings, 
but the corrections strongly disfavor the SU{6) values of the decuplet axial couplings. We 
also argue that the axial coupling constants cannot be accurately determined if only the 
non-analytic corrections are included. 

This paper is organized as follows. In section 2, we briefiy review the effective la- 
grangian formalism we will use. In section 3, we present the results of our calculation 
including only octet intermediate states. In section 4, we present the results of including 
the decuplet. Section 5 contains our conclusions. Some information on the semileptonic 
decays used in this paper is given in an appendix. 

2. Effective Lagrangian 

It has been known for some time that the low-energy theorems of spontaneous chi- 
ral symmetry breaking can be encoded in an effective lagrangian [6] . The lagrangian gives a 
systematic framework for investigating deviations from the symmetry limit m^, rrid, rUg — > 0. 
In this section, we briefiy review the effective lagrangian we use to carry out the compu- 
tation. The notation and conventions we use are the same as those of ref. [7]. The reader 
familiar with this formalism is urged to skip to section 3. 

The effective lagrangian we will use includes the pseudoscalar meson octet 



2 



n 



V2 



v 



(2) 



the baryon octet 



B 



V 



■=0 



n 



(3) 



and the spin-| decuplet. The mesons are taken to transform under SlJ{?>)i, x SU{?>)r as 



(4) 



where the last equation defines t/ as a function of L, i?, and ^. The baryons are treated 
as heavy fields with four- velocity and transform under SU{3)l x SU{3)r as 



S ^ UBUK 



(5) 



The lowest-order terms in the effective lagrangian involving the octet baryons are 

Coct = tT(Biv ■ dB) + 2Dtr {Bs^iA^.B}) + 2Ftr {Bsi'iA^, S]) + • • • . (6) 

The decuplet fields are represented by a Rarita-Schwinger field T with both vector 
and spinor indices. We work in the limit where the octet-decuplet mass splitting A is 
small compared to A^, so we can treat T as a heavy field with the same velocity v as the 
baryon octet. (We neglect splitting within the octet and decuplet induced by quark masses, 
since these are higher order in the chiral expansion.) The physical spin-| components are 
projected out by imposing the constraints [4] 



v^^T^ = sf'T^ = 0, 



(7) 



where s is the spin matrix [1]. 

The decuplet fields can be represented as a completely symmetric 3-index tensor trans- 
forming under SU{3)l x SU{3)r as 



The relevant terms in the lagrangian involving decuplet fields are 



(8) 



£dec = -THv ■dTf. + A T^'T^ + 2nT^'s ■ AT^ + C {T^'A^.B + h.c.) , (9) 
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where A is the axial current formed from pion fields. We have used an abbreviated notation 
in which SU (3) indices are suppressed: 

TAT = TjkiA^mT""'\ TAB = Tj^iA^^B'^^e''^^. (10) 



3. Octet Corrections 

In this section, we will discuss the corrections which involve only octet intermediate 
states. Our calculation differs from that of ref. [1] only in that we keep m-n- ^ 0. The 
TT corrections are expected to be ~ 20% of the K and r] corrections, but omitting the tt 
contributions systematically increases the predicted SU (3) breaking, so we include them 
here. 



We write 



9f''m = <b+Y^(^ab, (11) 



where the lowest-order results are 



alt'' ^D + F, 



V6' 



.4+15 



The leading chiral corrections are 



= -{D + F){2D'^ + 4:DF + 2F^ + l)mlln'^ 

1 m? 
- - (13D^ - D'^F + 3D + 3DF^ + 3F + 33F^) m\ 
6 //^ 

-'-[D + F){D-3Ffml\^-^, (13) 
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= -^^D{7D' + + 3) ml In^ 



- ^D{3D' + 13F2 + l)m2,ln"^^ 



(12) 



4 on rrii 

^D^mlln^, (14) 
3^6 ^ At^ 
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^ 3 3 ^ 27i^2^ + D + 25DF^ + 3F + 9F^) ml In^ 

+ -^-^ (31D^ + 15D^F + 9D + 9DF^ + 27F + 291F^) mi In^ 
12^6 

1 Tn^ 

+ ^ {D + 3F) (19i:>2 - 30i:>F + 27F2 + g) In^ , (15) 

24^6 ^ ' V / 

3 

= ^ (3i:>^ - 21D'^F + 25DF^ - 3F - 9F^) nii In^ 
8^6 

+ -^-^ (31D^ - IBD'^F + 9D + 9DF^ - 27 F - 297 F^) mt In^ 
12^6 A*^ 

1 777.^ 

+ (L> - 3F) (19^)2 ^ 3Q^^ ^ 27F2 + 9) In-f , (16) 
/^nE- = (35^^ + 23^2^ + 9D + 33DF^ -9F- 123F^) ml In^ 

1 777-^ 

(31L»^ - 53D^F + 9D + 57DF'^ - 9F - 51F^) In^ 

1 777'^ 

- — (L> - F)(11L>2 _ g^)^ ^ 27^2 + 9) ln--| , (17) 

/34+i5_ = 1^ ^352^3 _ 23D^F + 9D + 33DF^ + 9F + 123F^) ml In^ 

" 24 V 2 fJ' 

1 m^ 

^ (31i:»3 + h3D'^F + 9D^ 57DF^ + 9F + 51F^) m% 

12v 2 

1 777^ 

: (D + F)(lli:»2 + 6i:>F + 27F^ + 9) In^. (18) 



24v^ ' 

Here /j, is an arbitrary renormalization scale. The fj, dependence of these results is cancelled 
by the /i dependence of 0{ms) terms in the effective lagrangian such as 

^ tr [S(eV,e^ + h.c.)s ■ AB] , (19) 

where mq is the quark mass matrix. If we take ~ A^^, there are no large logarithms in 
the higher order coefficients, and near the chiral limit the correction is dominated by the 
logarithmically enhanced terms computed above. In the real world these logarithms are 
not very large, but we expect that the logarithmic terms will give some indication of the 
actual size of the corrections, as discussed in the introduction. 

The corrections to individual form factors are all larger than 80%, in agreement with 
the results of ref. [1]. Closer inspection of the results of this calculation reveals that the 
largest part of the corrections comes from the 5't/"(3)-invariant part of the wavefunction 
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renormalization. This contribution can be written 



5gt\Q) = al^bZ, (20) 



where 



5Z = J(5L>2 + 9F2) 



In^ +4m2,ln^ + mjln^ 



(21) 



The logarithmically-enhanced wavefunction renormalization must be positive on general 
grounds [8], and therefore we know that there must be positive (S'?7(3)-invariant piece. 
The surprise is that this is by far the most important correction. (If we remove this 
contribution, the largest correction is ~ 50%, with all other corrections less than ~ 25%.) 

This contribution can be formally removed from the chiral expansion by defining the 
baryon fields 

B' = {l + dZy^/^B. (22) 
We can then write the terms in the lagrangian involving two baryon fields as 

Cb^ tr{Biv ■ VB) + J2cjOj{B) 

j 

= (l + 6Z)tT{BivVB) + J2c'jOj{B'), (23) 

j 

where c'j = (1 + 6Z)cj. If we now expand in terms of the coefficients c'j treating dZ as 
order mg In rrig, the large wavefunction renormalization is absorbed into a redefinition of 
the chiral couplings. 

Since wavefunction renormalization is universal for all amplitudes with two exter- 
nal baryon lines, one might think that the resummation discussed above shows that the 
large wavefunction correction is "trivial," simply rescaling the couplings of the effective 
lagrangian and leaving relations among observables intact. However, dZ depends on the 
quark masses, and chiral symmetry relates this dependence to physical quantities. In 
particular, the /x dependence of dZ is compensated by the /x dependence of the term 



c(^ 



triC^mqC^ + h.c.)tr{BivVB). (24) 



If we chose /j, to make 5Z small, c(//) will be large. This leads to a breakdown of chiral 
perturbation theory, since this term contributes to e.g. s-wave pion-nucleon scattering. 
While a full calculation would be required to demonstrate the breakdown of chiral pertru- 
bation theory, it is clear that there is no reason to think that the large wavefunction 
renormalization corrections found in this calculation are trivial. 
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4. Decuplet Corrections 

In this section, we include the decuplet contributions to gi. We write 



1 



(25) 



where 7 contains the decuplet contributions, which are proportional to the coupling C 
defined in eq. (9). We have 



ipn 



'AS- 



4+i5 
'nE- 



4+i5 



— {D + F)[4G'i(m,) + GiirriK)] - ^n[5G^{m^) + ^(mx)] 
+ ^ [8{D + F)G2{m^) + {3D + F)G2{mK)], 



(26) 



6^6 



D[llGi{m^) + 16G'i(mx) + 3Gi(m^)] 
n[2Gi{m^) + G^{mK)] 



27VQ 

+ ^[{D + 6F)G2{m^) + {8D + 12F)G2{mK) + 3L>G'2(m^)], (27) 
9v6 

^(i? + 3F)[7Gi(m,) + 3Gi(mK)] + ^7i[2Gi(m,) + G'i(mK)] 

+ ^ [(11L> + 3F)G'2(m^) + 2>{D + F)G2(mK)], 
3v6 



(28) 



4\/6 



(D - 3F)[4G'i(m,) + bG^{mK) + G'i(m^)] 
?i[Gi(m,) + Gi(mK)] 



+ 



9a/6 
1 

3^ 



[(L> - 3F)G2(m^) + 3(L> - F)G2(mK) + 2L'G2(m^) 



(29) 



-— (D - F)[14Gi(m^) + UGi{mK) + 3Gi(m^)] 
+ ^7^[2Gi(m,) + Gi(mK)] 

+ ^[2(i? + 5F)G2(m,) + (D + 5F)G2(mK) - (i? - 3F)G2(m^)], (30) 
;d + F)[5Gi(m^) + 19Gi(mK) + 6Gi(m^)] 



12\/2 



+ 



81^2 
1 



n[2Gi{m^) + IGiirriK) + 3Gi(m^)] 



9v^ 



[2(2L» + F)G2(m^) + (15L» + 13F)G2(mK) 
+ 3(L» + F)G2(m^)], 
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(31) 



where 



Gi(m) = (m^ -2A2) ln^ + 4mA 1 ^ F(A/m), 



3"^ 



(32) 
(33) 



Here we have defined 



F{x) = 



= VT3 



tan" 



-1 Vl-a^^ 



for a; < 1, 



1 



a; + \/x'^ - 1 
m . tor a; > 1. 



(34) 



2\/x'^ — 1 a; — Va;^ — 1 



To obtain these results, we have dropped terms analytic in the quark masses which 
can be absorbed into counterterms in the chiral lagrangian. This amounts to a choice of 
subtraction procedure. The limiting values of the decuplet corrections can be obtained 
using 



G'i(m) = 



G2{m) = 




— m 



-m 



for A <^ m, 
for A 3> m, 

for A <^ m, 
for A ^ m. 



(35) 



(36) 



From the expressions above it is easy to check that the decuplet contributions decouple 
in the limit A ^ m. In this limit the decuplet corrections are either analytic in the quark 
masses, and can be absorbed into terms in the effective lagrangian which contain only octet 
baryon fields, or are SU{3) symmetric O(A^lnA^) terms which can be absorbed into a 
redefinition of D and F. Wc can also consider the limit A <C mK^Trirj advocated in ref. 
[4]. We find that Gi{m) and G2{m) are very poorly approximated by setting A = 0: for 
example, they have the wrong sign. 

The decuplet corrections are large, ~ 100%, like the octet corrections. However, unlike 
the octet corrections, wavefunction renormalization is not the largest part of the decuplet 
corrections. This means that these corrections cannot be removed by an S't/(3)-conserving 
field redefinition, as contemplated above. 

We now compare our results to semileptonic decay data (see the appendix). The 
constant C can be determined from non-leptonic weak decays of decuplet states to be 
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C ~ 1.5 [4], so there is one new undetermined parameter H compared to the octet case. 
We assign a 20% theoretical uncertainty due to 0{ms) corrections to the amphtudes and 
show the resulting 67%, 90%, and 95% confidence level region in the D, F plane in fig. 1. 
(The region is obtained by projecting the allowed region in Z), F, and Ti, space onto the 
D, F plane.) Because of the large allowed region, a best fit is probably meaningless. 

Despite the fact that the allowed region is quite large, one can draw some non-trivial 
conclusions. The first is that the lowest-order values of D and F are allowed. For these 
values of D and F, the corrections are less than 10% if ~ 0.5. (A similar cancellation 
was found in ref. [4], but for a different range of V. values.) This suggests that including 
decuplet baryon states may improve the convergence of baryon chiral perturbation theory. 

We emphasize that the fact that the decuplet contributions can cancel the octet con- 
tributions is highly non-trivial: it involves a large cancellation between octet wavefunction 
renormalization and decuplet "vertex" corrections. (The decuplet contribution to wave- 
function renormalization is positive and therefore cannot cancel the octet wavefunction 
renormalization contribution.) Also, it is striking that the cancellation occurs both for 
nonzero as well as zero octet-decuplet mass splitting, since the corrections are very differ- 
ent in these two cases. 

Finally, we can ask whether the corrections favor the SU (6) prediction 

F = |F, C = -2D, n=-3D. (37) 

This relation is excluded by the above analysis at the 95% confidence level. (If we set 
A = 0, the corrections favor the SU{6) values, as found in ref. [4].) It is not clear how 
meaningful this is, since higher order corrections may be important. 

5. Conclusions 

We have critically examined the chiral perturbation theory predictions for the axial 
vector form factors, both with and without the inclusion of decuplet intermediate states. 
We confirmed the result of ref. [1] that the corrections are large if decuplet states are not 
included. We argued that these large corrections are a symptom that chiral perturbation 
theory including only octet baryon states is breaking down, despite the fact that the 
largest correction takes the form of an 5'?7(3)-singlet wavefunction renormalization. We 
then examined the contributions of decuplet intermediate states. We found that taking 
into account the effects of the decuplet-octet mass difference substantially changes the 
pattern of corrections obtained in ref. [4], which neglects these effects. We found that 
the decuplet corrections tend to cancel the octet corrections in a non-trivial way (as also 
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found by ref. [4]), and that the correctfons strongly disfavor the SU{6) values of the axial 
couplings (contrary to the conclusions of ref. [4]). We also argued that D and F cannot 
be reliably extracted from a calculation which includes only the non-analytic corrections. 

While completing the present paper, we received ref. [9], which also makes the point 
(in a different context) that setting A = in the decuplet integrals is not a good approxi- 
mation. 
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Appendix A. Fit to Semileptonic Decays 



In this appendix, we consider the determination of D and F from AS = 1 semileptonic 
decays of hyperons. These decays are governed by the form factors 



u{pt) 



(38) 
u{Pb), (39) 



where q = Pa ~ Pb- The contributions of the form factors /a and are suppressed by the 
electron mass, and can be safely neglected. Near the SU{3) limit m„ = rud = m^, the 
baryons are nearly degenerate, and at the order we are working the decays are determined 
by the form factors at zero momentum transfer. The contributions of /2 and g2 are 
suppressed by 0{ms) because of the explicit power of q multiplying these terms. (In 
fact, time-reversal invariance can be used to show that ^2(0) = in the SU{3) limit, so 
that the contributions of ^2 are even smaller.) In the SU{3) limit, the form factors /i(0) 
are given by Clebsch-Gordan coefficients and the ^i(0)'s are simple linear combinations 
of D and F (see eq. (13)). The corrections to /i are 0{ms) and can be computed in 
chiral perturbation theory [7]. The leading corrections to gi are 0{ms In ms) and formally 
give the largest corrections to the semileptonic decay rates. These are therefore the only 
corrections to the form factors which we will keep. 

To perform our fit, we use both decay rate and asymmetry data taken from the most 
recent Particle Data Group (PDG) compilation [10]. For the asymmetry data, we directly 
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use the average values for qa/qv quoted by the PDG. To convert the decay rates into 
values for gi, we keep the full kinematic dependence on the baryon masses, since these 
effects turn out to be numerically important. The data we use is displayed in table 1. 





lifetiiiic 


asj'iiiiiietr}' 


n — >p 


1.323 ±0.003 


1.257 ±0.003 


S-^A 


0.609 ± 0.029 


0.62 ±0.44 


A -^p 


-0.972 ±0.018 


-0.879 ±0.021 


S~ — s> n 


0.442 ±0.021 


0.340 ±0.017 




0.96 ±0.19 






0.473 ± 0.026 


0.306 ±0.061 



Table 1: Values for ^i(O) extracted from 1992 PDG 

The decay rate and asymmetry determinations of gi are inconsistent if we assume 
only the errors quoted by the PDG. This is either a symptom of systematic errors in 
the experiments or an indication that higher-order corrections are important. We expect 
that higher order terms in the chiral expansion will give rise to ~ 20% corrections, and 
so we added this amount in quadrature to all the quoted errors to take into account the 
theoretical uncertainty. When we do this, all the errors on all determinations have a sizable 
overlap. 

With this procedure, reasonable fits are obtained. For example, if we fit this data to 
D and F using the lowest-order prediction in eq. (12), we obtain the best fit 

i:> = 0.85 ± 0.06, F = 0.52 ±0.04, (40) 

with = 6.1 for 9 degrees of freedom. 
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Figure Captions 

Fig. 1. Contours of 68%, 90%, and 95% confidence-level regions in the D-F plane when 
decuplet corrections are included, obtained as discussed in the text. The black dot shows 
the lowest-order values of D and F, as discussed in the appendix. 
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